Introduction
Metabolic syndrome has been recognized as a risk factor not only for cardiovascular disease but also for stroke [1, 2] . Moreover, recent studies showed that metabolic syndrome was significantly associated with silent brain infarctions (SBI) [3, 4] , periventricular hyperintensity (PVH), and silent subcortical white matter lesions (SWML) [4, 5] .
Of the components that make up metabolic syndrome, hypertension is thought to be a risk factor for dementia [6] [7] [8] , and antihypertensive therapy has an impact on the prevalence of Alzheimer's disease [9, 10] and vascular dementia. Patients with diabetes mellitus were also reported to be at higher risk of developing dementia [11, 12] . Although the individual risk factors that make up metabolic syndrome each play some role in the decline of cognitive function, it is not entirely clear whether altogether these risk factors have a high predictive value for cognitive deterioration. A significant influence of metabolic syndrome on cognitive impairment in some domains has been demonstrated in recent cohort studies with either a cross-sectional [13, 14] or longitudinal research design [15] . Some population-based cohort study reported that Alzheimer's disease was more frequently detected in sub-jects with metabolic syndrome than in subjects without metabolic syndrome [16] . However, most cohort studies examining the association of metabolic syndrome and cognitive function have not assessed the contribution of subclinical ischemic brain lesions such as SBI, PVH or SWML, and some studies have included subjects with a history of stroke. Thus, it is unknown whether the association of metabolic syndrome with cognitive impairment depends on ischemic brain lesions. In the present cross-sectional study of neurologically normal middleaged and older subjects, we examined whether metabolic syndrome affects the incidence of cognitive impairment and whether these effects are dependent on SBI, PVH and SWML.
Subjects and Methods

Subjects
From November 2001 through March 2007, a total of 1,913 Japanese subjects voluntarily participated in the health checkup system in the Shimane Institute of Health Science. The checkup system included the collection of medical, neurological, and psychiatric history; formal neurological examinations by an experienced neurologist; neuropsychological testing; MRI scans of the head, and blood tests. We selected 1,543 neurologically normal subjects (44-86 years, mean age 62.0 8 6.2 years) for this study from all participants. The criteria for subject exclusion were as follows: having any history of neurological or psychiatric diseases such as cerebrovascular diseases including transient ischemic attack, dementia, depression, or other psychiatric diseases (n = 364), and missing data to ensure complete analysis (n = 6). Demographic data are shown in table 1 . Compared to a population-based cohort study, this study had some biases in the background of the subjects in terms of their economical level, because only 17% of the participants were given financial supports by mutual aid associations and other subjects paid all expenses for the checkup by themselves. All subjects provided informed consent for this study, which was approved by the institutional ethics committee.
Criteria for Metabolic Syndrome and Other Risk Factors
Metabolic syndrome was diagnosed according to the modified criteria of the National Cholesterol Education Program Adult Treatment Panel III [17] , adapted for the Japanese population [18] . Because waist circumference was not measured at the time of data acquisition, we used body mass index (BMI) as a substitute for waist circumference. There was a significant correlation between waist circumference and BMI in our previous study [19] . Based on the study, central obesity was defined as BMI 6 25. In addition to central obesity, subjects with metabolic syndrome had to have 2 or more additional criteria, including elevated blood pressure or hypertension, elevated fasting glucose or diabetes mellitus, and/ or dyslipidemia. Blood pressure was measured 3 times after a 15-min resting period, and the mean of 3 measurements was used in all further analysis. Elevated blood pressure was defined as a systolic blood pressure of 1 130 mm Hg and/or a diastolic blood pressure of 1 85 mm Hg. Hypertension was defined as a systolic blood pressure 6 140 mm Hg, a diastolic blood pressure 6 90 mm Hg, and/or a history of hypertension with antihypertensive therapy based on the individual's medical history. Elevated fasting glucose was defined as a fasting glucose level 1 110 mg/dl (6.1 mmol/l). Diabetes mellitus was defined as a fasting serum glucose level 6 126 mg/dl, a hemoglobin A1c level 6 6.5% or a medical history of diabetes mellitus. Dyslipidemia was defined as a plasma triglyceride level of 1 150 mg/dl and/or a high-density lipoprotein cholesterol level of ! 40 mg/dl or a medical history of dyslipidemia. A smoker was defined as any subject whose smoking index exceeded 200. Regular alcohol consumption was defined as more than 58 ml of alcohol consumed per day. The incidence of cardiovascular diseases is described in table 1 .
Imaging Data
Head MRIs were performed using a 1.5-tesla MRI (Symphony Ultra Gradient, Siemens). The whole head was scanned with a T 2 -weighted image (TR: 4,500 ms, TE: 86 ms), a T 1 -weighted image (TR: 2,500 ms, TE: 3.9 ms), and fluid-attenuated inversion recovery images (TR: 8,000 ms, TE: 92 ms) for the transverse plane, and T 1 -weighted image for the coronal plane, with a slice thickness of 7 mm. Brain infarction was defined as a focal hyperintense lesion of 3 mm or larger in diameter in the T 2 -weighted image corresponding to a hypointense lesion in the T 1 -weighted image. PVH and SWML were evaluated separately based on their distinct subcortical distributions on the fluid-attenuated inversion recovery image, because PVH is observed adjacent to the ventricles and SWML is observed separate from the ventricles. PVH was graded on a scale of 0-4 as described elsewhere [20] . SWML was graded on a scale of 0-3 according to Fazekas et al.'s grading scheme [21] . For statistical purposes, PVH and SWML grades were dichotomized; we defined PVH grades 0-2 as 'PVH-' and grades 3-4 as 'PVH+'; similarly, SWML grades 0-1 were defined as 'SWML-', and grades 2-3 were termed 'SWML+'. All MRI findings were read and determined separately by an experienced neurologist and neuroradiologist who were blinded to the patients' profiles. When their opinions were inconsistent, a second neurologist was brought in for consultation. An interrater study for evaluating MRI lesions was also performed by 2 independent raters in a blinded fashion. The agreement rate was 94%. M etS = Metabolic syndrome; n.s. = not significant.
Cognitive Functions
Okabe's Intelligence Scale (Okabe's Test) [22] , which is a shortened and modified Wechsler Adult Intelligence Scale-Revised for the Japanese aged population, was used for assessing general intelligence, including orientation, semantic memory, calculation, forward and backward digit span, and paired association memory. The test is scored out of a total of 60 points and its reliability and validity had been reported [23] . There was a significant correlation between Okabe's Test and Mini-Mental Scale Examination ( value = 0.76, n = 426, p ! 0.0001 by Spearman's rank correlation analysis). Executive function was assessed using 2 tests. One was the Kohs Block Design Test (Kohs' test), in which subjects are shown cards with a variety of colored designs and asked to reproduce them using a set of colored blocks, yielding an intelligence quotient [24] . This test assessed the visuospatial ability in addition to executive function. Another test for executive function was the Frontal Assessment Battery (FAB), which is a composite tool consisting of 6 subtests, i.e. categorization, flexibility, programming, resistance to interference, inhibitory control, and forced movement [25, 26] . We converted an individual value of the cognitive test score to a z-value on the basis of an institutional database of age-matched normal subjects.
Statistical Analysis
We used Student's t test for the group comparison of parametric variables. The Mann-Whitney U test and 2 test were used for nonparametric statistics. Since the distributions of cognitive function test scores did not show normal distribution, they were treated as ordinal variables. Univariate and multivariate ordered logistic regression models were used to determine the association between cognitive function and metabolic syndrome with MRI changes and demographic risk factors as independent variables. We also examined the association between cognitive function and each component of metabolic syndrome with ordered logistic regression analysis with adjustment for MRI changes and demographic risk factors. All statistical analyses were performed using IBM SPSS Statistics ver. 19 (SPSS, Inc.). Differences with p ! 0.05 were considered significant.
Results
Characteristics and Prevalence of Silent Brain Lesions
Of the 1,543 subjects, 186 (12.1%) had metabolic syndrome. The clinical characteristics and the prevalence of silent brain lesions are presented in table 1 . There was no difference in age between the metabolic syndrome and non-metabolic syndrome groups. There were more male subjects with more education in the metabolic syndrome group. Moreover, the metabolic syndrome group had higher rates of smoking, alcohol use and incidence of cardiovascular diseases than the non-metabolic syndrome group. The prevalence of SBI was 13.0% in the non-metabolic syndrome group and 24.7% in the metabolic syndrome group (p ! 0.0001), whereas there were no significant differences in the prevalence of PVH+ and SWML+ between the metabolic syndrome and non-metabolic syndrome groups. Then, we performed ordered logistic regression analysis including silent brain lesions as independent variables with adjustments for demographic factors. As seen in model 2 in table 2 , metabolic syndrome was a risk factor for decreases in Kohs' Test and FAB scores independent of age, gender, education level, and silent brain lesions. Since silent brain lesions may affect cognitive impairment interactively with metabolic syndrome, we examined the effect of interaction of metabolic syndrome and MRI changes on cognitive functions. The analysis revealed no significant effects of any interaction terms on cognitive functions. Furthermore, another model including other demographic risk factors (smoking and alcohol) was examined. The analysis demonstrated that significant associations of metabolic syndrome with decreases in Kohs' Test and FAB scores were still observed after adjustment for smoking and alcohol (model 3 in table 2 ).
Cognitive Function and Metabolic Syndrome
Finally, we examined the association between impairment of cognitive functions and each component that makes up metabolic syndrome. After adjusting for all demographical risk factors and silent brain lesions, multivariate ordered logistic regression analyses demonstrated that of all components for metabolic syn-drome only elevated fasting glucose was an independent risk factor for decreases in Kohs' Test and FAB scores ( table 3 ) .
Discussion
Recent studies have demonstrated that metabolic syndrome is a risk factor for cognitive impairment, and it is associated with an increased risk of developing cognitive impairment related to Alzheimer's disease and vascular dementia [16, 27, 28] . However, it was not clear whether this cognitive impairment is associated with structural changes in the brain or whether the association between metabolic syndrome and cognitive impairment is observed even in healthy subjects. In this study, we found that metabolic syndrome was associated with cognitive impairment in executive function independent of silent brain lesions in healthy subjects.
Kwon et al. [3] reported that metabolic syndrome was an independent risk factor for SBI in healthy people. In the same way, Park et al. [5] found that metabolic syndrome was associated with leukoaraiosis. In addition, we recently found that metabolic syndrome was a risk factor for silent brain lesions, including SBI, severe PVH and SWML [4] . Furthermore, elderly people with SBI have The analysis was adjusted for age, gender, education length, smoking, alcohol habit, and silent brain lesions.
Figures in parentheses indicate 95% CIs. Table 3 . A ssociation of components of metabolic syndrome with cognitive impairment been reported to have a high risk of dementia and cognitive impairment [29] . Several reports have shown that white matter hyperintensity on MRI was similarly associated with cognitive impairment and depression [30] [31] [32] [33] . These findings suggest that ischemic brain damage may contribute to the association between metabolic syndrome and cognitive impairment. However, we found that metabolic syndrome was associated with cognitive impairment independent of ischemic brain lesions, indicating that cognitive impairment facilitated by metabolic syndrome may be linked to a neurodegenerative etiology rather than vascular etiology. There are several studies suggesting an association between metabolic syndrome and the degenerative disorder of dementia. Yaffe et al. [34] prospectively studied the influence of metabolic syndrome on a 4-year risk of developing cognitive impairment (dementia or mild cognitive impairment) in 4,895 older women. In their study, 497 women (10.2%) had metabolic syndrome, and of those women, 36 (7.2%) developed cognitive impairment (ageadjusted OR = 1.7, 95% CI = 1.1-2.4). Razay et al. [35] also reported a case-control study of 50 consecutive patients in which metabolic syndrome was associated with Alzheimer's disease (OR = 3.2, 95% CI = 1.2-8.4). In their study, patients with Alzheimer's disease had lower mean systolic blood pressure, and the association between metabolic syndrome and Alzheimer's disease was strengthened when hypertension was excluded as a factor (OR = 7.0, 95% CI = 2.7-18.3). Vanhanen et al. [16] also reported an association between metabolic syndrome and Alzheimer's disease. They showed in a population-based study that Alzheimer's disease was more frequently detected in subjects with metabolic syndrome than in those without it. Although these studies confirmed the association of metabolic syndrome with Alzheimer's disease, there has been no evidence that metabolic syndrome contributes to the early impairment of cognitive function in healthy subjects. The present study demonstrated that metabolic syndrome affects cognitive function even in healthy middle-aged and older subjects.
A previous study suggests that the atherosclerotic process may underlie the association between metabolic syndrome and cognitive impairment, based on higher values of inflammation markers [36, 37] . In the present study, we adjusted for subclinical ischemic changes of the brain, which suggests that another mechanism besides atherosclerosis may account for the association. Inflammation is reported to contribute to degenerative processes in both Alzheimer's disease and metabolic syndrome [38, 39] . Of all the risk factors that comprise metabolic syndrome, hyperglycemia is reported to produce toxic hyperglycosylated end products, leading to lowered amyloid degradation [40, 41] . The employment of precise neuroimaging for examining anatomical or metabolic changes in the brain might clarify the effect of metabolic syndrome on the neural degeneration process.
Metabolic syndrome affected executive functions. This finding is consistent with a recent case-control study, in which executive functions and speed of mental processing were selectively impaired in subjects with metabolic syndrome [14] . The authors speculated smallvessel diseases as an underlying pathological basis for executive dysfunction. However, this hypothesis is not entirely supported by the present study, because the association of metabolic syndrome and executive dysfunction was independent of MRI changes related to small-vessel diseases (i.e. SBI, PVH, and SWML). Rather, hyperglycemia or glucose intolerance might have some role in executive dysfunction since elevated fasting glucose was an independent and higher risk factor for impairment in executive function in the present study. This finding is consistent with a recent report in which hyperglycemia was a main contributor to the association of metabolic syndrome with executive function [42] . The cognitive functions that are performed in frontal-subcortical brain structures were predominantly affected by diabetes and glucose intolerance [43] . On the other hand, elevated blood pressure was not an independent risk factor for cognitive impairment in the present study, although there is abundant evidence that hypertension is a strong risk factor for cognitive impairment [44, 45] . Because hypertension is a strong risk factor for ischemic brain insults, the association of hypertension with cognitive impairment may have been obscured when silent brain lesions were adjusted for in the multivariate analysis.
The present study has several limitations. Because we lacked the data of waist circumference, which reflects central obesity more accurately, BMI was used in this study as a substitute of waist circumference after the confirmation of good correlation between these 2 measures. Furthermore, since the Japanese criteria of metabolic syndrome are different from those of other countries, the present findings may not be relevant to other populations. A causal role for metabolic syndrome on cognitive impairment is indistinct because of the cross-sectional data. A longitudinal study is necessary to address whether cognitive impairment is associated with the future development of dementia. There is a selection bias in that subjects who were concerned about changes in their cog-nitive function and silent brain lesions may have participated in this volunteer-based cohort study. There is also a bias in the background of participants compared to a population-based cohort study in terms of their economical level as described in the Subjects and Methods section. Thus, some caution may be necessary to generalize the present finding to other populations. Despite these limitations, we obtained both brain imaging data and cognitive function data at the same time in a fairly large number of middle-aged and older healthy persons. This enabled us to address the issue whether the association of metabolic syndrome and cognitive function is independent of ischemic silent brain lesions.
